Abstract. The substorm-related acceleration and flux increases of energetic oxygen ions are studied on the basis of test particle orbits in the fields obtained from an MHD simulation of plasmoid formation and ejection and the collapse (dipolarization) of the inner tail. The simulated fluxes show large anisotropies and nongyrotropic effects, phase bunching, and spatially and temporally localized beams. The energy distribution of O + in the region of an earthward beam in the near tail becomes significantly harder, more pronounced than for protons, in qualitative agreement with observations. The simulation also shows tailward beams of energetic O + ions closely associated with the passage of a plasmoid, both inside the plasma sheet boundary and inside the central plasma sheet, consistent with observations in the far tail. The acceleration at the near-Earth x-type neutral line produces a narrow duskward beam of energetic O + in the duskward extension of the x-line, which was not found to be as pronounced in proton test particle simulations.
Introduction
Large increases in fluxes of energetic ions from a few tens of keV to hundreds of keV are often observed in the tail, commonly in association with substorms. Most of these observations of flux changes in the near and far tail concerned protons or could not distinguish protons from heavier ions. Fritz and Wilken (1976) concluded from ATS-6 observations (with supporting solar wind data from IMP-7 and IMP-8) that heavy ions are energized inside the magnetosphere during substorm type injection events. Ipavich et al. (1984) demonstrated substantial flux increases of 112-157 keV/e O + ions in ISEE-1 observations of the tail plasma sheet, apparently correlated with activity. Möbius et al. (1987) 
investigated
Correspondence to: J. Birn (jbirn@lanl.gov) heavy energetic ion fluxes before and after substorm onset, using AMPTE/IRM data. They found large earthward directed plasma flows concurrent with energetic proton fluxes. The fluxes of ions of ionospheric origin, such as oxygen, were also enhanced and the spectra became considerably harder, more pronounced for oxygen than for protons.
Characteristic features of energetic heavy ions have also been found in the more distant tail. ISEE-3 and, more recently, Geotail observations have led to a picture of tailward propagating plasmoids that are enveloped by a sheath of tailward streaming energetic ions, presumably mostly protons (e.g. Scholer, 1984) . The characteristics of heavier ions have been studied more recently. Investigating plasmoid or flux rope encounters ∼100 R E downtail, Lui et al. (1994) reported high variability of the ion composition but did not find a consistent trend in the composition changes. In contrast, several authors found tailward energetic oxygen streams (and other heavy ions) in association with substorms or pseudo breakups and the passage of plasmoids or flux ropes. The oxygen beams tend to be highly collimated in the tailward direction (Wilken et al., 1995; Zong et al., 1998) . They can be detected in both the central plasma sheet and the plasma sheet boundary layer , and they are associated with tailward plasma flow and southward magnetic field components Jacquey et al., 1994; Wilken et al., 1995; Zong et al., 1998) .
Test particle simulations in dynamically changing fields, modeling substorm effects in the inner tail, have been successfully used to study the acceleration of energetic charged particles in the energy range from tens to hundreds of keV (Delcourt and Sauvaud, 1994; Birn and Hesse, 1994; Birn et al., 1997a Birn et al., , 1998 Li et al., 1998; Zaharia et al., 2000) . These simulations have demonstrated that substorm-related injections of energetic particles in the inner tail can be understood on the basis of the localized induced electric field associated with the collapse (dipolarization) of the magnetic field in the inner tail during the expansive phase of substorms. Delcourt and Sauvaud (1994) also studied the acceleration of O + ions and found dramatic spectral changes with energy Fig. 1 . Color-coded cross-tail electric field E y obtained from the MHD simulation (Birn and Hesse, 1996) at two different times, as indicated. The top panels show E y , at y=0, together with magnetic field lines, the bottom panels show E y at z=0, together with the magnetic neutral line. The near-Earth part of the neutral line represents the x-line at the reconnection site, whereas the tailward part is the o-line in the center of the plasmoid, propagating tailward with the plasmoid. Note that the color scale for E y is different for the different times. The electric field unit corresponds to ∼80 mV/m. increases exceeding those of protons. A combination of test particle orbit integration with a two-dimensional MHD simulation of plasmoid formation, and ejection, has also successfully reproduced energetic proton signatures in the more distant tail (Scholer and Jamitzky, 1987, 1989; Sachsenweger et al., 1989) .
Although enhanced oxygen outflow from the ionosphere presumably plays a role in the observed flux increases, additional acceleration appears necessary to achieve the observed high energies of tens or hundreds of keV. In this paper we will extend previous test particle simulations to investigate heavier ions, specifically O + . We will focus on the acceleration mechanisms and the corresponding flux increases, taking the presence of some seed population of oxygen ions in the plasma sheet as granted.
Background fields and numerical procedure
As in earlier test particle simulations, we use the magnetic and electric fields obtained by an MHD simulation of magnetotail dynamics (Birn and Hesse, 1996) as the basis for the orbit integration. This simulation covers the region from x=−5 R E out to x=−65 R E . The dynamic breakup phase is preceded by a simulated growth phase during which an external electric field is applied at the high-latitude boundary of the simulation box. This leads not only to the energy buildup in the tail lobes, but also to the formation of a thin current sheet in the near tail with a half-thickness of ∼1800 km, characteristic for the late growth phase and presumably crucial for the onset of an instability that initiates the breakup phase.
The breakup of this current sheet is initiated by imposing finite resistivity (defining the time t=0). A neutral line forms as a closed curve at t≈2 min. It subsequently expands across and down the tail, corresponding to the tailward motion of a plasmoid. The near-Earth part of the neutral line, representing the x-line, remains located near x≈−23 (units are in R E ). Rapid increases of temperature, flow, and electric field start at t≈5 min, leading eventually to peak values of E y of 10-20 mV/m. Figure 1 shows the color-coded cross-tail electric field E y from the MHD simulation for two different times. The two top panels show E y together with magnetic field lines in the x, z plane (y=0), the bottom panels show E y in the equatorial plane (z=0) together with the magnetic neutral line, consisting of the near-Earth x-line and the o-line inside the departing plasmoid farther tailward. The peak of the electric field is only initially located near the xline but subsequently moves earthward, while the magnitude increases. The earthward propagation stops near x=−13, where the flow from the x-line is slowed down by the increasing magnetic field, leading to a pile-up of magnetic flux from approximately x=−10 tailward. It is noteworthy that the region of enhanced electric field is localized in all three space dimensions.
Using the magnetic and electric fields from the MHD simulation, we integrated the full O + ion orbits backward in time until they reached the boundary of the simulation box or the initial state. At the near-Earth boundary the particles were reflected back into the box, simulating mirroring closer to the Earth, but neglecting the loss cone and the flight time from the boundary to the actual mirror point and back. This boundary condition also disregards the potential new injection of ionospheric particles. The instantaneous local electric and magnetic fields were interpolated from the results of the MHD run, which were stored for time steps of 0.5 Alfvén times (corresponding to approximately 3 s).
Fluxes of particles at particular locations and times can be estimated by applying Liouville's theorem and imposing distribution functions at the boundaries of the simulation box and for the initial state. The conservation of the phase space density f along the particle trajectory then gives the value of the distribution function at the final location. The imposed initial distributions are kappa distributions (Vasyliunas, 1968) 
where W in is the initial kinetic energy and W o is the average energy. We found that the typical source locations of accelerated O + ions were inside the dawn flank plasma sheet. Since observations in the tail indicate similar average energies for plasma sheet protons and oxygen ions (e.g. Frank et al., 1977; Peterson et al., 1981) , we used the same temperature for both species and chose parameters typical for protons in the moderately active plasma sheet (Christon et al., 1988 (Christon et al., , 1991 , consistent with the initial and boundary temperature of the MHD run
A spatial variation is now contained only in the factorf . Through phase space mapping, the final values of the distribution function can be derived from the initial distribution. Using (1) we find
where W f in is the final energy of a particle and W the energy gain (or loss, for W <0). If we neglect the weak variation off , we find that the major variation of fluxes at a given energy W f in stems from the energy gain W . Particles that start out with low energy are more abundant than higherenergy particles. If they gain a lot of energy, their high initial f values map to the final high-energy phase point. Therefore, even without imposing specific initial distribution functions, the energy gain can be taken as a measure of flux enhancement when we compare fluxes at a given energy W f in for different times and phase space locations. In fact, if we had chosen a Maxwellian instead of a kappa distribution, the logarithm of the phase space density, and hence of the flux, would be a linear function of the energy gain. Ideally, one phase space trajectory can provide one f value of the final distribution function at a chosen location in space and time. This procedure works very well when the phase space mapping between the initial and final locations is a smooth function of the phase coordinates (cf. Curran and Goertz, 1989) . However, in a highly nonlinear system, such as the spatially and temporally variable magnetotail, chaotic effects may dominate in some regions of the phase space, i.e., a slight variation in the final location or velocity can lead to vastly different initial locations and velocities, and vice versa. In this case the mapped value of the distribution function can fluctuate significantly in a small neighborhood of the chosen phase space location. The actual value to be compared with observations then has to be an average of f over such a neighborhood, using a sufficient number of phase space trajectories. (This closely resembles the collection of phase space distributions from observed counts of particles.)
Overview
Figure 2 provides an overview of the characteristics of O + fluxes in the equatorial plane at t=9 min at a typical energy of 180 keV. The four panels represent four different flux directions. No phase space averaging has been used. The color coding in this and subsequent figures can hence be interpreted in two ways. The color of each pixel directly represents the energy gain of an ion traced backwards from the given location. As discussed in Sect. 1, this energy gain is also a measure of the flux increase at the given location, since the initial phase space density is higher for lower initial energy. The white contours represent the magnitude of the cross-tail electric field, and the black line shows the magnetic neutral line at t=9 min. The length unit here and in all other simulation figures is 1 R E . The colored individual lines show projections of selected orbits of accelerated O + ions ending at the point of the arrow at t=9 min. These locations were selected to illustrate orbits with high energy gain. The colors for the trajectories were chosen for maximum contrast only and have no specific meaning. Figure 2 demonstrates that regions of enhanced energetic O + fluxes are generated in the near tail for all four flux directions, primarily in the area earthward and duskward from the region of enhanced cross-tail electric field. However, the spatial extent of these regions differs for the different flux directions. Specifically, the third panel of Fig. 2 shows a strong extended earthward beam near x=−10 that does not show up in the other flux directions. (Here we use the term "beam" in a rather general sense to denote particle fluxes with a limited extension in velocity space, regardless of the direction relative to the magnetic field.) We will look at more of the characteristics of that beam in Sect. 4.
The signatures in the more distant tail differ even more for the different flux directions. The top panel of Fig. 2 shows a tailward beam extending slightly duskward and tailward from the region of enhanced electric field (white contour) near midnight. The tailward end of this beam is given by the neutral line (black contour), which represents the o-line inside the tailward moving plasmoid. Such beams have indeed been observed in the distant tail, associated with the passage of a plasmoid or substorm-related fast tailward flow Jacquey et al., 1994; Wilken et al., 1995; Zong et al., 1998; Rouquette et al., 2000) . The particle trajectory ending in this region shows the typical source region, located on the dawn side of the near tail. Although this particle comes from the vicinity of the location of the near-Earth x-line, its acceleration takes place much farther tailward, between about 40 and 50 R E near midnight, when it crosses the region of enhanced E y associated with fast tailward plasma flow. Figure 2 (second panel) also shows a well focused duskward beam extending duskward from the near-Earth x-line. Such a beam was not seen in proton test particle simulations (Birn et al., 1997a) . Enhanced duskward fluxes are also seen over most of the extent of the region of enhanced E y tailward of the x-line, whereas there are no increases of earthward and dawnward fluxes tailward of about x=−15 R E .
While the regions of enhanced fluxes differ considerably for the four panels of Fig. 2 , the trajectories of the O + ions that comprise these flux regions in the inner tail are quite similar, so that one might consider the different regions as belonging to different phases of a bunch of particles, accelerated in the duskward direction through the localized electric field in the inner tail, then turning subsequently earthward (third panel), dawnward (bottom panel), and tailward (top panel) in distinct spatial regions, as defined by the finite Larmor radius. Figure 3 demonstrates the characteristics of the duskward fluxes in the x, z plane at y=8, duskward of the acceleration region, using again the energy gain as a proxy for the fluxes, for both 180 keV protons and O + ions at t=9 min. The top panel shows proton fluxes and the two bottom panels represent the same O + fluxes but with different color scales. The color scale for the middle panel is chosen to be the same as for the protons, while the one for the bottom panel extends to the maximum energy gain, to emphasize the peak values. The red and orange lines represent the separatrices (boundaries between closed and open field lines) at y=0 (wider contour) and y=8, respectively.
A comparison of the top two panels of Fig. 3 demonstrates that in the inner tail the cross-tail electric field associated with the earthward flow provides similar acceleration for protons and oxygen ions. The larger oxygen gyroradius leads to a more visible spatial bunching of the regions of enhanced fluxes, while these regions appear more chaotic for the protons. Even higher spatial resolution could possibly resolve the high-flux regions for protons as well (they are indeed resolved just earthward of the neutral line location). However, integration over finite phase space volumes again would wash out these structures in actual measurements. In the more distant tail, the electric field associated with fast tailward flows tailward of the x-line is much more effective in accelerating oxygen ions than protons. It should hence lead to a relatively more significant flux enhancement for oxygen ions. (For the absolute fluxes, however, we have to take into account that oxygen is much less abundant in the source region.) The bottom panel of Fig. 3 shows more clearly the peak value of accelerated O + . This peak flux is highly localized, extending duskward from the near-midnight portion of the near-Earth neutral line, as shown in Fig. 2. (The neutral line bends tailward away from midnight and does not extend to y=8.) 
Inner tail
Now we look more closely at the properties of energetic O + fluxes in the inner tail, earthward of the location of the nearEarth neutral line ( Fig. 1 ) at x≈−23 R E . Specifically, we will further investigate properties of the earthward beam on the dusk side shown in Fig. 2 . Figure 4 shows the temporal variation of the earthward fluxes in the same format as in Fig. 2 , together with contours of E y and the near-Earth neutral line at each instant. The figure demonstrates that the earthward beam persists over several minutes at roughly the same location. However, a secondary beam closer to the Earth is more variable in space and time. As illustrated by the superposed orbit in the second panel, this beam is associated with ions that have completed more than a full gyration after passing through the acceleration region of enhanced E y , whereas the orbits shown in the third panel of Fig. 2 demonstrate that the major beam consists of ions that have just turned earthward after their cross-tail acceleration.
Obviously, because of their dependence on gyroradius and gyroperiod, these features can be expected to vary with energy, space, and time. Figure 5 shows the spatial characteristics of the earthward 180 keV O + fluxes in a tail cross-section at x=−10 for t = 9 min. The black lines represent the separatrices (boundaries between closed and open field lines) at this location. The region of enhanced earthward flux is centered around the equatorial plane and occupies a significant portion of the duskside plasma sheet. Closer to midnight it extends into two layers just inside the plasma sheet boundary. The boundary here forms a bulge due to the advance of reconnection into the lobes and the corresponding expansion of the closed field line region. There are also some more chaotic occurrences of accelerated O + ions near the equatorial plane in this region.
The velocity space distribution of the earthward beam is investigated more closely at the location x=−10, y=5, z=0. Figure 6 shows the phase space density in the v x , v z plane (with the region of the beam more highly resolved), and Fig. 7 shows the angular distribution of the phase space density on the earthward part of the sphere v=1.5 (180 keV), where φ measures the azimuth against the earthward direction (positive toward dusk), and θ measures the elevation angle of the velocity vector. To obtain these distributions we assumed the initial kappa distribution defined in (1) and (2). Apart from the only slightly disturbed original distribution centered around v=0, the figures show a focused, nearly monoenergetic earthward beam. The energy of the beam directly corresponds to the gain in the duskward electric field shown in Fig. 1 and hence, constitutes a remote signal of the potential drop across this electric field. Figure 7 shows that the beam at this location and energy is slightly offset toward dawn, while there are some weaker fluxes forming a partial ring mainly toward dusk at larger angles from the earthward direction. (1) with the parameters given in Eq. (2). The absolute magnitude, however, is not calibrated. Figure 8 demonstrates that enhanced earthward fluxes occur at all energies above approximately 20 keV up to more than 300 keV. These fluxes are, however, highly variable in time.
Figure 9 provides a comparison of the energy distributions of proton and oxygen ion fluxes in this region, showing the fluxes as a function of energy at x=−10, y=3, z=0. The particle fluxes are again calculated using the initial kappa distribution (1) with the parameters given in (2). The dotted and solid lines represent omnidirectional fluxes averaged over 14 different directions before and after the injection, respectively, while the dash-dotted line gives the distribution of the earthward O + fluxes only. Figure 9 demonstrates that the oxygen flux enhancements are more significant than those of the energetic protons in this region, leading to a flatter (harder) distribution up to more than 100 keV. This result is also in qualitative agreement with observations (Möbius et al., 1987 ). 
Outer tail
We now focus on properties in the region of the departing plasmoid in the more distant tail, tailward of ∼25 R E . Specifically, we look at the properties of the tailward oxygen ion beam shown in the top panel of Figure 2 , extending approximately from x=−50 to x=−60. Figure 10 shows the spatial characteristics of 180 keV proton and tailward O + fluxes in a tail cross section (with dusk to the left) at x=−55 and t=9 min. The color-coding again represents the energy gain of ions traced backwards in time from the given location as a proxy of the flux increase. The black lines represent the separatrices (boundaries between closed and open field lines) at this location. The energetic protons (top panel) form two layers just inside the separatrix on the dusk side. The O + ions also show similar layers. They are located farther inside the separatrix, because the oxygen ions, for a given energy, have lower speed along the magnetic field, which makes the inward displacement from E×B drift more effective, that is, for the same distance traveled along the tail the oxygen ion becomes displaced more than the proton with the same energy. The oxygen ions, however, also show a stronger intensification around both the duskward equatorward edge of the boundary layers and the enhanced fluxes near the equatorial plane closer to midnight, which are not seen for the protons. The close temporal association between the tailward energetic O + beam and the passage of the o-line is demonstrated in Fig. 11 , which shows v x and B z from the MHD simulation, together with the tailward 180 keV O + flux at x=−55, y=2, z=0 as functions of time. At t≈7.5 min B z turns negative, showing the passage of the o-line in the center of the plasmoid (see also Fig. 1 ). Modest tailward plasma flow is present already before the passsage of the o-line but the main increase occurs when B z turns southward. The increase of the O + flux occurs basically simultaneously. Figure 12 demonstrates the velocity space distributions of the tailward beams, showing 180 keV O + fluxes as a function of flux direction, at x=−55, y=5 and three locations in z for t=9 min. The angle θ measures the elevation angle of the flux direction against the equatorial plane (with θ =90 • for northward flux) and φ is the azimuth in the equatorial plane (with φ=0 corresponding to tailward flux and φ=90 • corresponding to dawnward flux). The color-coding again represents the energy gain as a measure of the flux increase. The black crosses indicate the local magnetic field direction at each location. Figure 12 demonstrates that at each location in z, the beams are narrowly focused in velocity space with a tailward and slightly duskward direction, independent of the magnetic field direction. Figure 12 also shows ridges structures resembling ridges found by Martin and Speiser (1988) in ion test particle investigations of the vicinity of an x-type neutral line. If one did not know the cause of either structure, one might suspect similar origins. However, the ridges discussed by Martin and Speiser are a consequence of the acceleration along the x-line and subsequent dispersion in its vicinity, whereas our structures are found far away. They are also not organized by the local magnetic field. There is a similarity, however, in a more general sense, namely that these structures are related to an abrupt change in the history of the phase space trajectories that connect to the structure. In our case it is a change in the direction of ∇B around midnight in the departing plasmoid, which changes the drift direction and thus, the origin of the particles from dawn to dusk, whereas the neutral line plays the dividing role in the ridge structure of Martin and Speiser. Figure 13 demonstrates the source regions of the tailward beam shown in Fig. 10 . The open circles represent the origins of all orbits contributing to Fig. 10 , while the circles filled with red correspond to those orbits with an energy gain above 50 keV (that is, an initial energy below 130 keV), indicating the sources of accelerated ions contributing to the regions of enhanced flux. The source locations of particles with high energy gain are widely distributed, although most come from the dawn boundary and the interior tail region −35<x<−15 surrounding the location of the near-Earth x-line (x≈−23). However, as illustrated by the orbit in the top panel of Fig. 2 , which ends at x=−55, the acceleration takes place mostly not near the x-line but when the particle crosses the more extended region of enhanced E y tailward from it.
Summary and conclusions
We have used the electric and magnetic fields from an MHD simulation of magnetotail dynamics, modeling reconnection, plasmoid ejection, and the collapse (dipolarization) of the near tail, to investigate the effects on heavy ions, specifically, O + . This is an extension of previous work, studying energetic protons and electrons as test particles in the same fields (Birn et al., 1997a (Birn et al., , 1998 . These studies have demonstrated that the electric field associated with the collapse of the inner tail is able to cause the acceleration and the typical injection characteristics of energetic protons and electrons in the inner tail (e.g. Birn et al., 1997) .
Oxygen ions in the considered energy range of tens to hundreds of keV are highly nonadiabatic. Therefore, as might be expected, the simulated fluxes show large anisotropies and nongyrotropic effects, phase bunching, and spatially and temporally localized beams. Similar effects were found by Fig. 9 , while the circles filled with red correspond to orbits with an energy gain above 50 keV, indicating the sources of accelerated ions contributing to the regions of enhanced flux. These particles come primarily from the dawn boundary and the interior tail. The plot boundaries are also the simulation boundaries, where the backward integration of orbits was stopped. This is the reason why many symbols line up along these boundaries. Delcourt and Sauvaud (1994) . The beams may serve as remote indicators of the potential drop associated with the induced cross-tail electric field resulting from the tail collapse. The energy distribution of O + in the region of an earthward beam in the near tail becomes significantly harder, more pronounced than for protons, in qualitative agreement with observations (Möbius et al., 1987) . The duskward electric field at the near-Earth neutral line has a pronounced, albeit localized, effect on O + , causing a narrow beam of duskward flux in the duskward extension of the near-Earth x-line. This effect was not as pronounced in investigations of proton orbits, so that oxygen ions might provide a better indicator for the presence of the near-Earth neutral line. An alternative remote indicator of an x-type neutral line was found by Martin and Speiser (1988) as a ridge structure in ion velocity distributions in the vicinity of the neutral line.
Enhanced duskward fluxes of energetic O + (at a somewhat lower level) were also found for most of the region duskward of the region of tailward plasma flow. This tailward flow is present primarily in the earthward part of the departing plasmoid, where B z <0. A corresponding effect of dawnward acceleration was not found in the part of the plasmoid that is tailward of the o-line. (This might change, however, at larger distances than considered here, when the plasmoid moves tailward with more uniform speed.) The flux increase on the dusk side is stronger for energetic O + ions than for protons.
The test particle simulations also show tailward beams of O + in the more distant tail. These beams are found inside the duskside plasma sheet boundary with a somewhat larger offset away from the boundary than for the protons. This offset can be easily understood because oxygen ions, for a given energy, have lower speed along the magnetic field, which makes the inward displacement from E×B drift more effective. We also found a tailward beam closer to midnight and closer to the equatorial plane, which was not seen in the energetic protons at the same location and time. This beam was found just earthward of the o-type magnetic neutral line in the center of the passing plasmoid, associated with negative B z . These features are also consistent with observed energetic ion beams in the distant tail Jacquey et al., 1994; Wilken et al., 1995; Zong et al., 1998) .
The primary source region for all investigated accelerated O + ions is the dawn flank plasma sheet. However, our approach did not account for an ionospheric source, which was excluded by the mirroring condition at the near-Earth boundary of the simulation box. We found three major acceleration regions. As mentioned before, acceleration at the near-Earth x-line itself is the cause of a narrow duskward beam in the duskward extension of the x-line. The oxygen ions in the inner tail were accelerated in the enhanced cross-tail electric fields earthward of the x-line, associated with the earthward plasma flow from the x-line and the collapse of the inner tail. This is similar to the results for protons and electrons (Birn et al., 1997a (Birn et al., , 1998 . The energetic O + ions contributing to the tailward beam in the distant tail were accelerated in the cross-tail electric fields associated with the extended tailward plasma flow tailward of the x-line, similar to the duskward fluxes of energized O + found at smaller distances.
In summary, we find that the finite extent of the crosstail electric field, associated with fast earthward and tailward flows in the dynamic magnetotail, is the crucial element in shaping the distributions and fluxes of energetic particles, for heavy ions as well as for protons and electrons. As to be expected, and consistent with earlier investigations (e.g. Delcourt and Sauvaud, 1994) , the effects of spatial and temporal non adiabaticity and non gyrotropy are much more pronounced in heavy ions than in lighter ions and electrons.
